HYPB is a human histone H3 lysine 36 (H3K36)-specific methyltransferase and acts as the ortholog of yeast Set2. This study explored the physiological function of mammalian HYPB using knockout mice. Homozygous disruption of Hypb impaired H3K36 trimethylation but not mono-or dimethylation, and resulted in embryonic lethality at E10.5-E11.5. Severe vascular defects were observed in the Hypb −/− embryo, yolk sac, and placenta. The abnormally dilated capillaries in mutant embryos and yolk sacs could not be remodeled into large blood vessels or intricate networks, and the aberrantly rounded mesodermal cells exhibited weakened interaction with endothelial cells. The embryonic vessels failed to invade the labyrinthine layer of placenta, which impaired the embryonic-maternal vascular connection. These defects could not be rescued by wildtype tetraploid blastocysts, excluding the possibility that they were caused by the extraembryonic tissues. Consistent with these phenotypes, gene expression profiling in wild-type and Hypb −/− yolk sacs revealed that the Hypb disruption altered the expression of some genes involved in vascular remodeling. At the cellular level, Hypb −/− embryonic stem cell-derived embryonic bodies, as well as in vitro-cultured human endothelial cells with siRNA-mediated suppression of HYPB, showed obvious defects in cell migration and invasion during vessel formation, suggesting an intrinsic role of Hypb in vascular development. Taken together, these results indicate that Hypb is required for embryonic vascular remodeling and provide a tool to study the function of H3K36 methylation in vasculogenesis/angiogenesis. knockout mice | embryonic lethality | vasculogenesis | angiogenesis | capillary tubule formation
HYPB is a human histone H3 lysine 36 (H3K36)-specific methyltransferase and acts as the ortholog of yeast Set2. This study explored the physiological function of mammalian HYPB using knockout mice. Homozygous disruption of Hypb impaired H3K36 trimethylation but not mono-or dimethylation, and resulted in embryonic lethality at E10.5-E11. 5 . Severe vascular defects were observed in the Hypb −/− embryo, yolk sac, and placenta. The abnormally dilated capillaries in mutant embryos and yolk sacs could not be remodeled into large blood vessels or intricate networks, and the aberrantly rounded mesodermal cells exhibited weakened interaction with endothelial cells. The embryonic vessels failed to invade the labyrinthine layer of placenta, which impaired the embryonic-maternal vascular connection. These defects could not be rescued by wildtype tetraploid blastocysts, excluding the possibility that they were caused by the extraembryonic tissues. Consistent with these phenotypes, gene expression profiling in wild-type and Hypb −/− yolk sacs revealed that the Hypb disruption altered the expression of some genes involved in vascular remodeling. At the cellular level, Hypb −/− embryonic stem cell-derived embryonic bodies, as well as in vitro-cultured human endothelial cells with siRNA-mediated suppression of HYPB, showed obvious defects in cell migration and invasion during vessel formation, suggesting an intrinsic role of Hypb in vascular development. Taken together, these results indicate that Hypb is required for embryonic vascular remodeling and provide a tool to study the function of H3K36 methylation in vasculogenesis/angiogenesis. knockout mice | embryonic lethality | vasculogenesis | angiogenesis | capillary tubule formation D evelopment of multicellular organisms is an integral of successive processes, in which a single cell gives rise to numerous cell types that exert various functions and organize their relationships to form the adult body plan. To control the development, one of the most fundamental tasks of an organism is the spatial and temporal regulation of expression of thousands of genes (1) . In addition to the mechanisms that transcription factors control gene expression through recognizing DNA elements and recruiting general transcription machinery, covalent modifications of histones mediated by families of enzymatic cofactors have emerged as key regulatory mechanisms of gene expression (2) (3) (4) . These histone modifications regulate gene expression through recruiting/dispelling some protein complexes and through altering the accessibility of chromatin for transcription machineries (5) . Moreover, they may serve as an epigenetic marking system that is responsible for establishing and maintaining the heritable programs of gene expression during cellular differentiation and organism development (6, 7) .
HYPB (also known as HSPC069, SETD2, hSET2 and KMT3A) is a recently defined histone methyltransferase (HMT). The human HSPC069 gene was originally isolated from hematopoietic stem/progenitor cells (8) , and the encoded protein was also identified as a factor that interacts with the Huntington disease protein huntingtin (9) . Our previous studies identified HYPB as a histone H3 lysine 36 (H3K36)-specific HMT that interacts with hyperphosphorylated RNA polymerase II (pol II) (10) . HYPB acts as the human ortholog of the yeast Set2, and this orthologous group is also conserved in other eukaryotes (11) . Members of this orthologous group contain a triplicate AWS-SET-PostSET domain that mediates the H3K36 HMT activity (10, 12) , a C-terminal Set2 Rbp1-interacting (SRI) domain that mediates the interaction with pol II (10, 13) , and a WW domain that likely mediates proteinprotein interaction (14) . In addition, within the human HYPB, we identified a novel transcriptional activation domain that is conserved in vertebrates (10), suggesting diverse functions of HYPB through evolution. Although Set2 is the sole H3K36 HMT in yeast, multiple mammalian H3K36 HMTs have been defined (5) . Interestingly, siRNA knockdown of Hypb in murine fibroblasts led to a specific loss of H3K36 trimethylation (H3K36me3), suggesting that murine Hypb is a nonredundant, specific enzyme for H3K36me3, at least in this type of cell (15) . However, it remained unclear whether the mammalian HYPB (and the H3K36 methylation) is required for any developmental processes.
In this study, we created knockout mice to explore the function of mammalian HYPB in the context of development. Homozygous disruption of Hypb resulted in embryonic lethality with severe defects in blood vessel development. Generally, formation of embryonic blood vessels is one of the most essential processes for mammalian embryogenesis (16) . Failures of this process would lead to growth retardation, swelling of the pericardium, and finally death in utero during early organogenesis (17) . We made an effort to detail the vascular defects in Hypb −/− embryos, yolk sacs, and placentas by means of extensive histological analyses and gene expression profiling. We also used the tetraploid complementation assay to examine the possibility that the phenotypes could be caused by extraembryonic tissues. Furthermore, in vitro cultured embryonic stem (ES) cell-derived embryonic bodies (EBs) and endothelial cells The authors declare no conflict of interest.
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were used to investigate the role of Hypb in vascular development at the cellular level.
Results

Disruption of Hypb Impairs H3K36me3 and Results in Embryonic
Lethality. The mouse Hypb locus was disrupted by homologous recombination, and the targeting region was located in exons 4 and 5 that cover the SET domain (Fig. 1A) . Resistant ES cells were screened by genomic PCR (Fig. S1A ) and verified by Southern blot (Fig. 1B) . RT-PCR was performed to determine the expression of the mutant Hypb gene (Fig. S1B ) and the products were sequenced. The results indicate that the inserted TK-neo cassette disrupted the ORF of the Hypb gene, thus abolishing the SET domain and the downstream domains. Embryos from heterozygous crosses were collected and their genotypes were monitored with genomic PCR (Fig. 1C) . Histone methylation states of the embryos were determined by Western blot; the results showed that H3K36me3, but not H3K36me1/2, was impaired by the Hypb disruption (Fig. 1D) .
Although heterozygous mice were viable, no homozygous knockout pups were obtained from more than 30 littermates of heterozygous intercrosses (Table S1 ), indicating that the Hypb disruption causes embryonic lethality. To determine the developmental stages when the lethality occurred, embryos were collected and analyzed at different stages. As a result, Hypb −/− embryos up to E10.5 were observed with expected Mendelian frequency, whereas no viable Hypb −/− embryos beyond E10.5 (Table S1 ). The Hypb −/− embryos began to show growth retardation from E8.5 ( Fig.  2A) . The E10.5 Hypb −/− embryos displayed growth defects with underdeveloped head and branchial arches, as well as neural development defects including forebrain hypoplasia and unclosed neural tubes ( Fig. 2A c and d) . Other phenotypes of the Hypb −/− embryos include incomplete embryonic turning and failure of allantois to fuse with the chorion (Fig. 2A d) .
Vascular Defects in Hypb
−/− Embryos. A number of Hypb −/− embryos exhibited a congestive appearance in the head with disorganized and dilated veins and capillaries ( Fig. 2B a and b) . Some Hypb −/− embryos exhibited head edema in the unilateral or bilateral headfolds (Fig. 2B c) . Meanwhile, pericardial effusion was also frequently observed in Hypb −/− embryos (Fig. 2B d) . These phenotypes have been considered as a common manifestation of disrupted blood flow and osmotic imbalance (17) . To examine the structure of vasculatures, we performed whole-mount immunohistochemistry (IHC) with an endothelial marker PECAM-1. In the PECAM-1-stained wild-type (WT) embryos, well-structured hierarchic organization of artery, vein, and capillary can be seen ( Fig. 2C a and c) . In contrast, the Hypb −/− embryos showed little evidence of intricate network of vessels; instead, abnormally dilated and irregularly shaped blood vessels were observed, especially in the head region ( Fig. 2C b and d) .
−/− Yolk Sacs. A striking phenotype observed in the extraembryonic tissues of Hypb −/− embryos was their pale and fragile yolk sacs. At E10.5, the WT yolk sacs exhibited a well-organized vascular network consisting of both capillaries and large vitelline vessels (Fig. 3A a) , whereas in mutant littermates, the yolk sacs maintained poorly organized, dilated primitive capillaries but not large vitelline vessels (Fig. 3A b) . Furthermore, the endodermal surfaces of the mutant yolk sacs were often ruffled, likely because of failure of the vasculatures to expand throughout the yolk sacs (Fig. 3A b) . The structure of yolk sac vasculatures was examined by IHC with endothelial markers PECAM-1 and FLK-1. The WT yolk sacs showed well-structured hierarchical organization of large and small vessels ( Fig. 3B a and  c) . In the Hypb −/− yolk sac, only a few dilated primitive capillaries were observed, whereas the large areas of continuous stainings suggested the inability of endothelial cells to form large vessels ( Fig. 3B b and d) . This phenotype was further analyzed by staining the erythrocytes with o-dianisidine, and the results showed abnormal aggregations of blood cells in the mutant yolk sacs ( Section analyses provided more detailed evidences for the vascular defects. Well-circumscribed small vessels with tight endothelial cell linings were clearly observed in the WT yolk sacs (Fig. 3C a) , whereas the vessels of Hypb −/− yolk sacs were characterized by dramatically increased cavities; visceral endoderm and mesoderm were widely separated with fewer attachments (Fig. 3C b) . Meanwhile, cellular morphological changes in the Hypb −/− yolk sacs were also observed. Although the normal visceral mesoderm cells display a stretched and flattened appearance (Fig. 3C c, black arrow), some mesoderm cells in the Hypb −/− yolk sacs are abnormally rounded (Fig. 3C d, red arrow) . Ultrastructural analyses of the sections confirmed the morphological changes of the mesoderm cells (Fig. 3C e and f, black and red arrows). Furthermore, it is worthwhile to note that the spaces between the endothelial and mesoderm cells in the mutant yolk sac were significantly increased and were filled with dispersed collagen-like fibers (Fig. 3C f, white arrow) .
Defective Labyrinthine Layer Architecture of Hypb −/− Placenta. Because vascularization is required for establishment of the transplacental exchange, vascular defects in the yolk sac should be associated with concomitant defects in the labyrinthine layer of placental vasculature (18) . To address this issue, we examined the vasculatures in WT and Hypb −/− placentas. As seen in the WT placenta at E10.5, the labyrinthine layer developed well, and blood vessels containing nucleated erythrocytes invaded and interdigitated into the labyrinthine layer of the placenta (Fig. 3D a, c, e, and g ). In contrast, a significant decrease in the thickness of the labyrinthine layer was observed in the E10.5 Hypb −/− placentas, although their spongiotrophoblast layers looked normal (Fig. 3D b and d) . Meanwhile, the embryonic vessels remained at the periphery and did not invade into the labyrinthine layer ( Fig. 3D b and d) . Accordingly, although both maternal mature erythrocytes (red arrowhead) and embryonic nucleated erythrocytes (black arrowhead) were observed in WT placenta (Fig. 3D g) , only maternal erythrocytes in Hypb −/− placenta (Fig. 3D h) . Thus, the labyrinthine layer of Hypb −/− placentas consisted of trophoblast component alone but lacked the intricate network of branching embryonic vessels. These observations suggest that Hypb is important of vascular development in both extraembryonic components and embryo proper.
WT Tetraploid Extraembryonic Tissue Cannot Rescue Hypb
−/− Pheno types. To determine whether the Hypb −/− phenotypes could be caused by the defects of extraembryonic trophoblast tissue, we generated tetraploid chimeric mice by using WT tetraploid blastocysts to aggregate with the Hypb −/− diploid embryos. In this assay, we found that the Hypb −/− embryos with tetraploid extraembryonic tissues still died and exhibited similar defects in yolk sac and in intraembryonic vascularization (Table S2 and Fig. S2 ). These results suggested that the defects in placental vascularization are the allantoic mesoderm-derived vascular components rather than the extraembryonic trophoblasts.
Hypb Disruption Alters Expression of Genes Involved in Vascular
Remodeling. To verify the phenotypes and to understand the underlying mechanisms, we performed a gene expression profile of WT and Hypb −/− yolk sacs. We initially analyzed E10.5 yolk sacs. As a result, a total of 1,149 genes were identified as being significantly altered, with 633 being up-regulated and 516 being down-regulated. Among them, of note were 34 vasculogenic genes (Fig. 4A) . To confirm these results and to quantify the gene expression changes, some genes were further analyzed with quantitative RT-PCR (RTqPCR). The results were highly consistent with the microarray data (Fig. 4 B and C) . Notably, some genes playing important roles in intercellular interaction and/or cell migration during vascular remodeling, including 10 secreted factor genes (Ang, Angptl3, Angptl6, Ctgf, Cyr61, Igf1, Pdgfc, Plg, Serpinf1, and Vegfb) and 8 membrane protein genes (Cav1, Flt1, Gja4, Lama1, Lama4, Rhob, Sema3c, and Serpine1), were significantly changed in Hypb −/− yolk sacs (Fig. 4 A-C) , which is largely consistent with the poor interaction of the endothelial cells with surrounding cells and matrix (Fig. 3C) . We also checked some hematopoietic genes, especially the genes involved in erythropoiesis that are active in mouse yolk sacs (19) . Although observing a slight down-regulation of the erythrocyte membrane protein band 4.2 gene Epb4.2 in the Hypb −/− yolk sac, we did not find significant alteration of the important hematopoietic/ erythropoietic genes (e.g., Runx1, Scl/Tal1, Lmo2, Gata2, Pu.1/Sfpi1, Cebpα, Nfe2, Gata1, Fog/Zfpm1, Klf1, and Alas2, and embryonic hemoglobin genes Hbb-y, Hbb-bh1, and Hba-x), suggesting that the hematopoiesis of the Hypb −/− yolk sac was not severely defective at this stage. Next, we analyzed the gene expression patterns of E9.0 yolk sacs. This analysis was expected to be potent for identification of some primary genes that contribute to the vascular defects, because the Hypb −/− yolk sacs at this stage had not shown apparent defects. Notably, four vasculogenic genes (Ang, Gja4, Cyr61, and Jun) were consistently regulated by the Hypb disruption at both E9.0 and E10.5 stages (Fig. 4D) . Thus, we speculate that misregulations of these genes are among the earliest events leading to the severe vascular defects of the Hypb −/− mice.
Hypb Is Required for Vessel Formation in ES Cell-Derived EBs. To prove the role of Hypb in vascular development, we differentiated Hypb +/− and Hypb −/− ES cells into EBs, which recapitulate some processes of early embryogenesis including the formation of vascular plexus, thus providing an ideal in vitro model system to study the mechanisms of vascular development (20) . At day 23 of differentiation, the endothelial cells were revealed by PECAM-1 staining in both Hypb +/− and Hypb −/− EBs (Fig. 5A) ; however, the vessel formation in the Hypb −/− EBs was significantly impaired (Fig. 5A , Right) compared with the Hypb +/− EBs, which retained normal activity (Fig. 5A, Left) .
Knockdown of HYPB in Human Endothelial Cells Impairs Migration
and Tubule Formation Activities. To further elucidate the cellular mechanism by which HYPB contributes to vascular development, we sought to determine whether HYPB plays a role in the mobility and the angiogenic activity of endothelial cells. For this purpose, we transiently transfected human microvascular endothelial cells (HMEC-1) with HYPB siRNA, and a scramble siRNA was used as a control. Consistent with the knockout mouse data, knockdown of HYPB significantly reduced H3K36me3 in the HMEC-1 cells (Fig. 5B) . Cell invasion assays indicated that HYPB siRNAtransfected cells showed an approximately fourfold decrease in the number of invasive cells, compared with the control cells (Fig.  5C ). Given that endothelial cell migration requires actin reorganization, we analyzed the filamentous actin (F-ACTIN) in the HMEC-1 cells. The results indicated that HYPB-knockdown led to disorganized F-ACTIN stress fibers and defective formation of lamellipodia (Fig. 5D) , which is consistent with the impaired mobility of these cells. Moreover, we used an in vitro tube formation assay to examine the capability of the cells to form capillary-like tubes on the Matrigel, regarded as representative morphogenesis of the later stage of angiogenesis (21) . Consistent with the observations in embryos, whereas the control cells formed tubule networks with tightly junctions over a 17-h culture (Fig. 5E, Left) , the HYPB-knockdown dramatically abrogated this activity (Fig. 5E, Right) . Thus, these results suggest an autonomous effect of HYPB suppression in endothelial cell angiogenesis. We also checked, in the HYPB-knockdown endothelial cells, the mRNA levels of seven angiogenesis-related genes as compared with those in Hypb −/− yolk sac by using RT-PCR analyses. Notably, the expression of c-JUN, ANGPTL3, and ANGPTL6 was indeed altered in the same pattern as in Hypb −/− yolk sacs. Nevertheless, the other four genes displayed a distinct pattern, with no changes seen in CYR61, ANG, and VEGFb whereas they were either up-regulated (Cyr61) or down-regulated (Ang and Vegfb) in Hypb −/− yolk sacs; with regard to CDH5, a down-regulation was observed although its expression was not modulated in Hypb −/− yolk sacs (Fig. 5B iii; also Fig. 4 for comparison) .
Discussion
In this study, our objective was to investigate the physiological function of Hypb in the context of development. We observed that the Hypb −/− mice did not exhibit any distinguishable defects in morphology and histology until E8.5, when they began to exhibit growth retardation. This observation suggests that the earlier developmental processes are not affected by the Hypb disruption and that Hypb may not be required for some basic cellular functions. Of note, our studies suggest that Hypb may play a relatively specific role in embryonic vascular development. During embryogenesis, the blood vessels arise from endothelial precursors, which share an origin with hematopoietic progenitors, therefore termed hemangioblasts (22, 23) . Despite obvious defects of the vasculature and circulation in the Hypb −/− mice, the red blood cells were consistently observed in the mutant yolk sacs and embryos, and the o-dianisidine staining experiment revealed the existence of functional hemoglobin in the erythrocytes. Furthermore, gene expression profile indicates that many important hematopoietic genes are not affected by the Hypb disruption. These observations demonstrate normal differentiation and maturation of erythrocytes in the mutant mice and suggest that the disruption of Hypb may primarily disturb the development of blood vessels rather than the red blood cells per se at the embryonic stage.
In mammalian embryos, formation of the vascular system is implemented by two distinct processes, namely, vasculogenesis and angiogenesis (24) . During vasculogenesis, the hemangioblasts differentiate into endothelial cells to form the primitive vascular plexus; during angiogenesis, the vascular plexus progressively expands and remodels into a highly organized mature vascular network. Whereas vasculogenesis occurs only in embryogenesis, angiogenesis contributes to the normal growth of both embryonic and postnatal tissues and in pathological situations such as wound healing and cancer (25) . Our results provide evidences supporting that the endothelial cell differentiation and vasculogenesis occur in the Hypb −/− mice. The endothelial cells were consistently detected in Hypb −/− yolk sacs by IHC and section analysis, as well as in Hypb −/ − ES cell-derived EBs. Furthermore, microarray and RT-PCR analyses revealed that the important regulators of vasculogenesis (e. g., Scl/Tal1, Vezf1, Ets1), as well as the markers for differentiated endothelial cells (e.g., Pecam-1, Kdr/Flk-1) presented in the mutant yolk sacs without obvious alteration. In contrast, vessel growth and maturation of Hypb −/− mice appears to be impaired at an early stage. The Hypb −/− embryos and yolk sacs were observed to possess primitive capillaries but not large vessels, suggesting that the Hypb disruption prevent tissue remodeling of the capillaries as well as further vessel development. Remarkably, both histological and ultrastructural analyses of the sections of the mutant yolk sacs revealed abnormally rounded mesodermal cells and increased space between mesodermal and endothelial cells, which likely weaken the interaction between these cells and prohibit appropriate stabilization of the vasculatures by recruitment of surrounding cells (26) . The expanded sheets of endothelial cells observed in the Hypb −/− yolk sacs are likely due to the fusion of the unstable capillaries that hardly form connections (pillars) between two layers of the yolk sac. Consistent with these in vivo phenotypes, in vitro cultured endothelial cells with suppression of HYPB showed impaired migration and vessel formation activities, suggesting an endothelial cellintrinsic function of HYPB and at least partially explaining the failure of vascular remodeling in Hypb −/− mice. Of note, the modulation of mRNA levels of c-JUN, ANGPTL3, and ANGPTL6 genes in HYPB knock-down human endothelial cells was similar to that in Hypb −/− yolk sac in mice. The difference in the modulation pattern of some other genes might reflect cells/tissues at distinct developmental stages in two different species. It remains to be studied whether Hypb also affects other aspects involved in the angiogenesis process, such as the recruitment of pericytes and smooth muscle cells during angiogenesis.
Consistent with these vascular anomalies observed in vivo and in vitro, gene expression profile in yolk sacs revealed that the some particular genes involved in angiogenesis were deregulated by Hypb disruption. The yolk sac offers particular advantages for the expression analysis of vasculogenic/angiogenic and hematopoietic genes because (i) it represents a major organ of vasculature and blood development during early embryogenesis (19) ; (ii) its organization is relatively simpler than the embryo proper (19) ; and (iii) apart from the vascular defects, the size and appearance of the Hypb −/− yolk sacs were not significantly affected by the growth retardation of the embryos at the stages analyzed. Among the altered genes, notably, a potent inducer of angiogenesis namely angiogenin (Ang) was consistently down-regulated by the Hypb disruption even at early developmental stages when the phenotypes had not been visible, which would arrest the normal angiogenesis induced by other angiogenic proteins such as FGFs, epidermal growth factor (EGF), and VEGF (27) . Another significantly downregulated gene Gja4 encodes the gap junction protein α4 (also known as Connexin37). Gja4/Connexin37 protein and its homolog Gja5/Connexin40 are functionally expressed in endothelial cells and contribute to the endothelial-endothelial and endothelial-smooth muscle gap junction channels; in addition, ablation of both Gja4 and Gja5 in mice results in severe vascular abnormalities (28) . Furthermore, several other factors (e.g., Angptl3, Angptl6, and Cyr61) implicated in cellular adhesion/migration (29) (30) (31) were also found to be consistently regulated by the Hypb disruption. Although it still remains to be determined whether these genes are direct or indirect targets of Hypb, these data suggest that Hypb may differentially regulate multiple genes/pathways involved in angiogenesis, and are useful for fully understanding the mechanisms of Hypb-mediated epigenic regulation in angiogenesis.
Besides HYPB, there are some other mammalian H3K36 HMTs (5). How do they regulate the H3K36 methylation and the expression of target genes in development? Our results indicate that mouse Hypb is required for H3K36me3 during embryogenesis; thus, H3K36me1/2 may be catalyzed by other H3K36 HMTs. Among these HMTs, NSD1-knockout mice failed to complete gastrulation, likely because of cell apoptosis and mesodermal defects (32) . In contrast, Hypb appears to exert a distinct, more specific function in embryonic development. Considering that these HMTs have different domain architectures and possibly different expression patterns, it is reasonable to postulate that the different H3K36 HMTs play distinct roles and cooperate to subtly regulate histone methylation and gene expression, thus controlling complicated developmental processes. Although H3K36 methylation has been implicated in multiple molecular functions including transcriptional elongation, suppression of cryptic transcription and mRNA export (33) (34) (35) (36) , it remains unclear whether H3K36 methylation contributes to any specific developmental processes. In this study, we identified the genes altered by the Hypb disruption, some of which might be directly or indirectly related to the loss of H3K36me3, thus allowing study of potential functions of Hypb and H3K36 methylation on different genes. Furthermore, our results clearly suggest that the processes of mammalian vascularization (vasculogenesis and angiogenesis), which have been actively studied in vivo and in vitro for both basic research and cancer therapeutics (25) , can be considered as major aspects to further explore the physiological function of Hypb and H3K36 methylation and to gain insights into the underlying mechanisms.
Materials and Methods
Generation of Hypb Knockout Mice. The targeting vector (XpPNT) of Hypb locus was electroporated into CJ-7 ES cells. The heterozygous ES cells were microinjected into C57BL/6 blastocysts, followed by implantation into pseudopregnant B6CBF1 foster mothers. Male chimeras were mated with C57BL/6 females to generate F1 mice, which were further bred to generate F2 progeny. The F1 offspring were backcrossed to the C57BL/6 and 129/Sv strains for multiple generations to examine the persistence of the phenotypes.
Embryo Dissection, Histology, and Transmission Electron Microscope Analyses. Embryos, yolk sacs, and placentas were fixed overnight in 4% paraformaldehyde and then subjected to paraffin embedding. Serial sections (4 μm) were cut, deparaffinized, and stained with H&E. A part of yolk sac or embryo for each assay was used for the genotyping. Staining of the PECAM-1 and the FLK-1 were performed using monoclonal antibodies MEC13.3 and Avas12α1 and detected with a HRP Detection Kit (BD Bioscience). The hemoglobin was stained with o-dianisidine (Sigma-Aldrich). For transmission electron microscope analysis, yolk sacs were fixed overnight in 2% glutaraldehyde, postfixed in 1% OsO 4 for 2 h, dehydrated in a graded series of ethanol, transferred into propylene oxide, and embedded in epon. Ultrathin sections were cut and examined using a Philips CM 120 transmission electron microscope. siRNA Transfection and F-ACTIN Staining. siRNA sequences are given in SI Text (36) . A 10 nM quantity of chemically synthesized siRNA was transfected using INTERFERin Reagent (Polyplus Transfection). Rhodamine-phalloidin (Cytoskeleton) was used to label F-ACTIN at 48 h post siRNA treatment.
Cell Invasion Assay. Cells were treated with siRNA for 48 h. Cells (2.5 × 10 4 ) were seeded into the Biocoat Matrigel invasion chamber (BD Bioscience). A 0.5-mL quantity of serum-free culture medium was added to the upper chamber. The lower chamber contained 10% FCS. The cells were allowed to invade for 24 h. Cells penetrated through the Matrigel to the underside surfaces of the membranes were fixed and stained with 1% toluidine blue.
Tubule Formation Assay. Tubule formation assay was performed as described previously (37) . Briefly, HMEC-1 cells were transfected with siRNA for 24 h, and 4 × 10 4 trypsin-dissociated cells were resuspended in 0.5 mL fresh full medium and seeded into Matrigel-coated 24-well plates. Capillary tubules were observed at different time points over the next 24 h.
